Under intense optical excitation, the polarizability of transparent optical materials has a significant third order, nonlinear contribution. This manifests itself in a wide variety of effects, which, under certain conditions, are collectively referred to as white light continuum generation. We report on a new approach that isolates, for the first time, some of these effects.
One of the most important lines of inquiry in science is the propagation of electromagnetic radiation. Even when it is not the object of study, it is the means by which an experiment takes place. The propagation of intense light in a nonlinear medium has taken center stage since the first nonlinear effect was observed [1] . The nonperturbative regime has been of particular interest in recent years, and novel phenomena continue to emerge. In this work, we examine supercontinuum generation (SCG) [2] [3] [4] , a process widely studied and used as a source of tunable short pulse radiation. To lowest order, SCG is the result of self-phase modulation and self-focusing, both manifestations of the intensity dependence of the index of refraction due to the third order susceptibility [5] . Even at this level, the problem cannot be solved analytically in the presence of dispersion, and numerical methods, such as integration of the (3 1 1)-dimensional nonlinear Schrodinger equation, are used to model SCG. However, the third order susceptibility gives rise to additional phenomena that greatly complicate the problem, including an intensity dependent group velocity and Raman processes [6 -8] . Also present are high order dispersion, ionization, and plasma formation [9, 10] . All these effects must be considered when excitation is by short duration, intense pulses of light. Not surprisingly, this subject is open and much research awaits; however, great progress has been made recently in careful observation of SCG and numerical modeling [7] [8] [9] [10] [11] . SCG varies dramatically with intensity and pulse shape, as well as observation angle, and an important task is to identify any simplifying and universal features present. The key to this is disentangling the various contributions to SCG. Until now, this has been approached by direct observation and comparison to numerical simulation [7, 10] . Complementing this basic approach have been studies based on pump-probe [8] and frequency-resolved optical gating techniques [11, 12] . What is needed are more experimental probes that directly isolate the various aspects of SCG, and, thus, that can draw model independent conclusions. Such probes will go a long way toward bringing about an intuitive understanding of SCG. We present just such a probe in this Letter.
Our technique is basically a spectrally resolved interferometric pump probe, however, it may better be thought of as a double pump since both pulses have equal intensity. Our signal does not come from analysis of the second pulse, but from analysis of the total SCG resulting from both. This is the first such application to SCG, and it has proved a powerful tool. The experimental apparatus was straightforward. We used a nearly transform limited 60 fs, 1 kHz repetition rate laser system based on Ti:sapphire operating at 800 nm. The light was sent into a Michelson interferometer which split each pulse into two identical pulses spaced by a computer controlled delay with 0.067 fs resolution (approximately 1͞40 of an optical cycle). The pulse pair was focused into a thin, 1 mm sapphire substrate by a 100 mm lens. The substrate had a device grade polish and was oriented with its c axis perpendicular to its surface. The light from the crystal was collimated, apertured to select the central forward going component, and relayed into a spectrometer. The output of the spectrometer was measured with a line camera. The effective spectral bandwidth of the system was 90 nm with a resolution of 1 nm. An experimental run consisted of scanning the delay between the pulse pair over a 2 ps interval in steps of 0.47 fs. On each shot the resulting spectrum was measured in a 90 nm range centered over a given wavelength. The given wavelength was then changed, a new place on the crystal selected, and another run performed. In this way, the nonlinear processes involved were measured with excellent temporal and spectral resolution from 500 to 850 nm. This was done for pulse energies of 1, 2, and 2.3 mJ per each pulse in the pulse pair, henceforth referred to as the low, medium, and high power runs. The low power run was just above threshold for large spectrum continuum generation whereas the high power run was just at threshold for damaging the crystal when the pulses were overlapped in time. Scans began at large delays first for this reason. Care was taken that the light sent into the interferometer had a good spatial mode and was well collimated so spatial interference fringes did not sweep across the beam profile.
There is much to be learned from a full spectral analysis of our data, but that discussion will be reserved for a later publication. In this Letter, we will consider only the integrated spectrum over a 90 nm interval centered about 800 nm as a function of delay between the pulse pair. [13], and in our case this range accounts for 94% of the total intensity. This percentage reflects not only the generation process but also subsequent scattering which is both time and frequency dependent. Naively, since fast electronic processes dominate, one might expect signal structure, if any, to be confined to the region of pulse overlap. Noninstantaneous effects have either not been considered especially important for SCG in optical materials such as fused silica or sapphire [10] , or their effect was so entangled with that of others that numerical analysis was needed for identification [7, 10] . This is not the case, as is seen in Fig. 1 , the main part of which shows our raw integrated signal as a function of delay over a range of roughly 700 fs at medium power. The signal consists of an envelope with features that vary on roughly 20 and 100 fs time scales, and a fast modulation with a period of 2.7 fs, which is the same as the optical carrier period. The data in this and all other figures have been scaled to have a maximum value of one, but the zero level has not been suppressed. If there were no nonlinearity involved, the envelope would consist only of a peak at zero delay which would quickly fall to a steady state value of 0.5. Beyond the coherence length of the laser, equal to the pulse width for our nearly transform limited pulses, there could be no rapidly cycling constructive and destructive interference. However, we observe large scale structure extending to at least 500 fs, over 8 times the laser pulse width. In fact, the structure continues well beyond this delay as we will discuss. Equally of importance, the fast modulation present at zero delay continues well beyond the delay corresponding to the coherence time. This can be seen in the insets, which show expanded views of the data for delays starting at 225 and 415 fs. The data indicate that a long-lived polarization is excited in the sapphire which causes the interaction with the second pulse to differ from that with the first. In other words, there is a notable noninstantaneous interaction. Although this interaction has not asserted itself in previous studies, it is one of the dominant features in ours. Its presence is revealed so clearly due to the nature of our probe. We have observed similar effects in other bulk materials, to be discussed in future work, and it is clearly an important part of SCG.
Since the degree to which there is a fast modulation is significant, it makes sense to bring this facet out. We do this by calculating the root-mean-square (rms) deviation of our signal. We replace each point by the amount of rms variation in a small neighborhood surrounding it. The size of the neighborhood is not critical so long as it exceeds several optical cycles. Figure 2 shows the results using a neighborhood of five optical cycles for high, medium, and low powers. Note that a large, but constant, signal level would result in zero rms. We interpret peaks in the rms signal to indicate times when the coherent interaction of the second pulse with the polarization excited by the first is particularly strong. In all three cases, a 100 fs scale variation is obvious, but now the 20 fs variation mentioned The rms is proportional not to the signal level, but to its variation, and is a good measure of the degree of coherent interaction between the second pulse and the polarization excited by the first pulse. Not surprisingly, given the nature of SCG, the rms happens to track the overall signal level, as well, for our data.
053901-2 053901-2 above is also readily apparent. There is a clear power dependence as well. The large scale structure decays increasingly rapidly, giving way to the small scale structure, as the intensity is dropped. Another useful way to view our data is via the Fourier transform as shown in Figs. 3 and 4 . Since the dependent variable in the raw data is delay time, the abscissa of the Fourier transform is a rate. Peaks in the Fourier transform mark the frequencies at which the signal would flicker if the delay between the pulses of SCG were scanned at the speed of light. An easier way to interpret the data is obtained by plotting the signal versus c͞rate, where c is the speed of light. This defines the top axis of the graph, and we call this measure the spatial increment (SI). The peak at 790 nm in the low intensity graph, for example, indicates that, as the spatial distance between the two pulses changed by 790 nm, a component of the signal oscillated up in amplitude and back down. Since the carrier wavelength was near this value, this is to be expected. Less expected is the breakup of the signal into closely spaced peaks. At all powers, most of the signal strength is in this cluster of peaks. In Fig. 4 we have expanded the vertical scale and Fig. 2 . Had there been no nonlinearity, there would only be a single peak at 800 nm. A peak at a spatial increment of 800 nm means that there was an oscillatory component that cycled once for every change in distance between the two pulses of 800 nm. plotted a broader range, and observe that there are large sidebands at medium and high powers. The small peaks in the low power data are not reproducible and are consistent with noise. Interestingly, when we tune the spectrometer to other wavelengths, such as 600 nm, we always observe a large peak in the Fourier transform at an SI of 800 nm, even if we exclude the data where there is temporal overlap between the two pump pulses. The SCG, regardless of the wavelength, has a large component that oscillates when the spatial delay changes by one pump wavelength. This is another signature of the induced polarization.
It is useful at this juncture to consider possible experimental artifacts. Each pulse suffers temporal spreading from group velocity dispersion. The effect on a transform limited 60 fs pulse is small, but at the output face of the crystal, each pulse possesses considerable bandwidth which heightens the effect. The blue component of the leading pulse will overlap with the red component of the trailing pulse at larger delays than would be expected if the nonlinearity were not present. In principle, this might cause an interaction between the pulses directly, rather than through the noninstantaneous response of the crystal. To consider a worst case, let us use 500 nm light from the leading pulse and 900 nm light from the trailing pulse, assuming both to be present upon entrance to the crystal. 
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The difference in travel speed would be sufficient for them to just overlap by the end of the crystal if they started with a 160 fs time delay. This is unlikely to cause our signal:
(1) Most of the features of interest lie beyond this time delay; (2) there is very little energy at wavelengths this far from the center wavelength to drive a spurious interaction (note, the spectrum is broadened preferentially to shorter wavelengths due to self-steepening and other effects); and (3) it is unlikely that such an interaction would produce an SI peak at 800 nm. In actuality, of course, these wavelengths are not generated until well into the crystal, with the redder wavelengths on the trailing edge and the bluer wavelengths on the rising edge, making the 160 fs figure too large in any case. Finally, we have examined these phenomena as a function of propagation length and do not see evidence of spurious effects. Another mechanism that could generate an artifact is reflection off the output face of the crystal by the first pulse interfering with the second pulse. We ruled this out by performing runs at different incident angles where spatial overlap between the reflection and second pulse was reduced or eliminated. We conclude the interaction between the two pulses was indeed mediated via the noninstantaneous response of the crystal. Finally, the short-wavelength component of SCG can generate color centers in glass at high enough fluence [14] . This is much less likely to be a problem in sapphire and we do not observe color centers. We now consider possible excitation mechanisms. Numerical simulation, to be discussed in a follow-up publication, suggests that, for the medium and high power data runs, the first dip and following prominent peak at roughly 175 fs are plasma effects. The remainder of this discussion focuses on the periodic structure. A recent work has clearly shown that SCG can be strongly affected by pulse splitting and coalescence [11] ; however, this was in a substrate 30 times larger than that used in this work, so we do not believe this explains the regular structure here. We believe both phonon scattering and excitation of defect states due to dislocation of Al and O atoms are involved. At low excitation, the optical properties of sapphire are determined by resonances far in the infrared (10 m and longer) and ultraviolet (3 eV and higher) [15, 16] . The question is what excitations are important at high intensity. An oxygen vacancy F-center in sapphire generates a series of states within a 6.1 eV range below the conduction band [16] . One of these states is very nearly two-photon resonant with the F-center ground state, thus permitting a Raman transition with the state below 3 2B. The energy difference is not known precisely, but somewhat exceeds 0.2 eV; we believe this accounts for the sidebands in Fig. 4 which are 0.24 eV apart. These states are known to play a role in fluorescence in sapphire under excitation of very short wavelength radiation. In the time-delay domain, the resulting polarization would give rise to a modulation with a period of about 20 fs, corresponding to the fast wiggles seen at long delay times. Moreover, population stranded by the first pulse in 3 2A would be long-lived [16] explaining why these modulations persist. Finally, there is a strong optical phonon mode at 412 cm 21 , which matches the fine splitting observed in Fig. 3 and, equivalently, the long period modulations in Fig. 1 .
Supercontinuum generation remains an insufficiently understood phenomenon and yet it is of great practical and fundamental importance. A vast number of laboratories use SCG as a light source for tunable pump or pump-probe experiments. It is a universal component of intense field excitation in dense media, whether solid, liquid, or gas. SCG is not a single process, but is better thought of as a collection of parallel and competing processes. Unraveling this effect requires that we, through experiment and numerical analysis, be able to separate one effect from another or, at least, to determine the degree to which this can be done meaningfully. To this end, we have demonstrated a technique that allows us to study the spectroscopy of SCG and identify some of the underlying excitation. Our data provide quantitative results, but, just as importantly, help to form an intuitive picture of the process. This method is broadly applicable and helps to identify effects that have been missed thus far in other studies, thus complementing the current body of work on SCG.
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